The 2-stroke engine has great potential for aggressive engine downsizing due to its double firing frequency which allows lower indicated mean effective pressure (IMEP) and peak in-cylinder pressure with the same output toque compared to the 4-stroke engine. With the aid of new engine technologies, e.g. direct injection, boost and variable valve trains, the drawbacks of traditional 2-stroke engine, e.g. low durability and high emissions, can be resolved in a Boosted Uniflow Scavenged Direct Injection Gasoline (BUSDIG) engine. Compared to the loop-flow or cross-flow engines, the BUSDIG engine, where intake ports are integrated to the cylinder liner and controlled by the movement of piston top while exhaust valves are placed in the cylinder head, can achieve excellent scavenging performance and be operated with high boost.
Introduction
The stringent pollutant emission regulations and higher engine efficiency requirements are driving the development of internal combustion engine technologies. The engine down-sizing technology has shown the great potential to reduce the vehicle fuel consumption. However, the application of down-sizing to the four-stroke gasoline engine is limited by the significantly increased peak cylinder pressure, knocking combustion and associated thermal and mechanical load. Compared to the 4-stroke engine, a 2-stroke engine doubles firing frequency and thus allows lower IMEP and peak in-cylinder pressure with the same output toque. In addition, the higher power-to-weight ratio and more compact dimension make the 2-stroke engine naturally suitable for aggressive engine down-sizing to increase the power density and improve fuel economy.
However, the traditional design of the 2-stroke engine shows high fuel consumption and pollutant emissions because of the charge (air/fuel) short-circuiting. The application of direct injection and advanced scavenging method would significantly improve the performance of 2-stroke engines. The direct injection after exhaust valve closing avoids the fuel short-circuiting, which in turn lowers the fuel consumption and pollutant emissions dramatically. In addition, the fuel consumption of the 2-stroke engine can be further improved with lean/stratified charge achieved by direct injection [1] [2] [3] [4] and advanced combustion concept [5] [6] [7] [8] [9] [10] , e.g. homogeneous charge compression ignition (HCCI), controlled auto-ignition (CAI), partially premixed combustion (PPC) and reactivity-controlled compression ignition (RCCI).
The scavenging process is essential for a 2-stroke engine, as it scavenges the burnt gases from the previous cycle out of the cylinder and replaces with the fresh charge for the next cycle. Because of the long overlapping period of intake and exhaust process in the 2-stroke engine, one of the key issues is the short-circuiting phenomenon, in which some of the intake fresh mixture can flow directly into the exhaust port during the scavenging process [11] . The optical measurement [12, 13] and computational fluid dynamic (CFD) simulations [14] [15] [16] [17] [18] of the uniflow 2-stroke engine proved the superior scavenging performance of uniflow. The intake ports in a uniflow engine are integrated into the cylinder liner and controlled by the movement of the piston top while exhaust valves are placed in the cylinder head. This layout also enables the application of variable valve timing (VVT) technology to adjust the exhaust valve timing and control the hot residual gas and scavenging process under different boost pressures at various engine speeds. The uniflow engine can also minimize the bore distortion caused by uneven thermal loading in the conventional ported 2-stroke engine with cold intake port on one side and hot exhaust port on the other.
The 2-stroke uniflow engines have been widely used in large marine diesel engines [13] [14] [15] and recently researched for potential applications to passenger cars [3, 4, 7, 10, 16, [18] [19] [20] [21] . In this project, a novel 2-stroke Boosted Uniflow Scavenged Direct Injection Gasoline (BUSDIG) engine was proposed to achieve aggressive engine downsizing. In order to maximize the scavenge performance and optimize the in-cylinder flow motion, the 3D CFD simulations were adopted in this study to evaluate different scavenge port designs for the proposed BUSDIG engine. A 0.5 L single cylinder engine with scavenge ports integrated to the cylinder liner was adopted in this study. Several important design parameters, e.g. scavenge port number (SPN), axis inclination angle (AIA), swirl orientation angle (SOA), scavenge port opening (SPO) timing, scavenge port height (SPH) were investigated in detail under different engine speeds and intake pressures (P i ). The exhaust valve opening (EVO) timing was also swept with SPO to obtain maximum scavenging performance.
Simulation setup

Baseline design of BUSDIG engine
In this study, an uniflow engine with flat cylinder head and piston top was selected as the baseline design of a BUSDIG engine. Twelve evenly distributed scavenge intake ports were integrated to the cylinder block. The other engine specifications are shown in Table 1 . In order to achieve optimal scavenge performance of the 2-stroke BUSDIG engine, several design parameters of the scavenge ports, including scavenge port number (SPN), axis inclination angle (AIA), swirl orientation angle (SOA), scavenge port opening (SPO) timing and scavenge port height (SPH), were studied and optimized in this study. In addition, some other important operating conditions, e.g. intake pressure (P i ), engine speed, exhaust valve opening (EVO) timing, also show significant impact on scavenge process. The effects of these operating parameters were also investigated in this study. Fig. 1 schematically shows the definitions of AIA, SOA, SPO, SPH and their baseline values. As seen in the figure, a bigger AIA and smaller SOA would obtain a larger effective area. The location of the intake ports in z axis (Z SP ) would directly control the scavenge port opening (SPO) timing. The width of each scavenge intake port was fixed at 20⁰ and the interval between ports was fixed at 10⁰, as indicated in Fig. 1 .
In order to accommodate the scavenge ports for a multi-cylinder engine, the scavenge port number (SPN) was gradually reduced to 6 by directly removing the scavenge port pairs from two sides while retaining other scavenging ports, as shown in Fig. 2 . 
Numerical models
In this study, the commercial CFD software STAR-CD was adopted to perform the simulations. Reynolds-Averaged Navier Stokes (RANS) approach was applied with Re-Normalisation Group (RNG) k-ε turbulence model in the simulations. Pressure-Implicit with Splitting of Operators (PISO) algorithm was used to solve the equations. The heat transfer was implemented through the general form of the enthalpy conservation equation for the fluid mixture. The Angelberger wall function was used for the simulation of the wall heat transfer. The detailed description of these models can be found in Ref. [22] .
Simulation conditions
The scavenging process of the designed 2-stroke BUSDIG engine was evaluated with both cold and fired in-cylinder conditions. The corresponding simulation conditions, including exhaust valve parameters, initial and boundary conditions, are shown in Table 2 .
The pressure boundary type was applied to the inlets of scavenge ports and the outlets of exhaust ports. The arbitrary sliding interface (ASI) was applied between the scavenge ports and the cylinder liner to control the attachment and detachment with the piston movement. ASI was also applied to control the connectivity between exhaust domains and cylinder domain with the movement of exhaust valves. One dimensional (1D) simulations were performed to obtain more realistic fired in-cylinder conditions using WAVE [23] . In the cases with fired conditions, the initial mixture components in the cylinder are pure burned gas, i.e. CO 2 , H 2 O and N 2 . In the cases with cold conditions, the initial mixture components are pure air, i.e. O 2 and N 2 .
The same cold/fired simulation conditions, as shown in Table 2 , were applied to all the cold/fired CFD simulations in this study. The multicycle simulations were carried out for the cold flow simulations. The fired CFD simulations were carried out from 100 ⁰CA after top dead center (ATDC) to 280 ⁰CA (i.e. 80 ⁰CA before TDC), including the whole scavenging process. 
Mesh sensitivity study
The moving meshes were generated in ES-ICE software using the mapping method. Three different meshes with average grid size of 2 mm, 1.6 mm and 1 mm were generated to examine the sensitivity of simulation results to the mesh quality. Correspondingly, the total grid number is 180,690, 326,092 and 921,810, respectively. The engine mesh with average grid size of 1.6 mm at bottom dead center (BDC) has been shown in Fig. 1 .
The cold in-cylinder conditions were used to perform the mesh sensitivity study. The engine speed and intake pressure were fixed at 2000 rpm and 2 bar, respectively. Fig. 3 compares the in-cylinder average pressure and temperature profiles from different engine meshes. As shown in Fig. 3 , the in-cylinder pressure and temperature shows little sensitivity to the adopted three mesh sizes. The profiles overlap each other and only show slight differences at TDC.
The swirl ratio (SR), tumble ratio (TR) and cross tumble ratio (CTR), as defined in Fig. 1 , are used to characterize the in-cylinder flow motion and calculated as following [24] :
where is engine speed, the crank angle, the cell number, ( ) the cell volume, ( ) the cell density, ( ) and ( ) are the tangential velocity and radius respectively in the cylindrical coordinate with z axis as the swirl axis. With the same method, the swirl axis along with the cylindrical coordinate system in Equation (1) is then replaced as the tumble/cross tumble axis to evaluate TR/CTR. The tumble and cross tumble axis are parallel to y-and x-axis respectively and cross the central line of the cylinder and the central point between maximum and minimum z value of the cylinder.
The in-cylinder flow motion calculated with different meshes also shows little differences, as indicated by the overlapped profiles of swirl and tumble ratios in Fig. 4 . It can be also inferred that the incylinder flow enabled by the current scavenge ports design is dominated by the swirl flow motion. In this study, a swirl ratio no less than 3 is expected to enhance the mixing between the fuel droplets and in-cylinder charge and meanwhile prevent the wall wetting. The cross tumble ratio (CTR) is also very small, and for simplicity it is not shown here. Four scavenge parameters, i.e. delivery ratio (DR), trapping efficiency (TE), scavenging efficiency (SE) and charging efficiency (CE), are used to characterise the scavenging performance of the BUSDIG engine. They are defined as following [23] :
The reference mass in above equations is calculated by the displaced volume multiplied by the ambient air density.
As can be seen in Fig. 5 , the grid size actually shows only slight impact on scavenge parameters. The biggest grid size (2 mm) leads to slightly higher DR compared to the smallest grid size (1 mm 
Cycle convergence of simulations
The multi-cycle simulations were performed with the cold in-cylinder conditions to examine the impact of initial conditions on the simulation results. The engine speed and intake pressure were fixed at 2000 rpm and 2 bar, respectively. Fig. 6 and Fig. 7 compare the swirl ratios and scavenging parameters respectively among different cycles. As can be seen in the figures, both in-cylinder flow motion and scavenging parameters can obtain good convergence at the second cycle. The swirl ratio and DR in the first cycle are relatively higher than the converged results, while TE is a little lower. SE and CE are similar between different cycles. Therefore, the simulation results from the second cycle are considered appropriate to represent the scavenging performance of a specific design. Regarding the simulations with fired conditions, the multi-cycle simulation is not possible via CFD without a validated combustion model. As the combustion process is not included in this study, the results from the first cycle are analyzed for those simulations with fired conditions. 
Results and discussion
Effect of scavenge port number (SPN)
Firstly, the effect of scavenge port number (SPN) is investigated with cold in-cylinder condition under different engine speeds and intake pressures. Fig. 8 compares DR, TE, SE and CE under different engine speeds. The intake pressure P i is fixed at 2 bar. At low engine speed (i.e. 1000 rpm), the increase in the absolute scavenging duration leads to significantly higher DR and complete scavenge (SE=100%). The TE at lower engine speed is the lowest because of the significantly increased DR. As the engine speed increases, the DR and SE gradually reduce and TE increases. CE is comparable under different engine speeds but it does show slightly higher value at engine speed of 2000 rpm. Therefore, too long or too short scavenging duration is not preferable to achieve high CE. At the low engine speed, the increased scavenge duration would also cause the flow of in-cylinder fresh air into the exhaust and scavenge ports when the in-cylinder pressure exceeds the exhaust/intake pressure during the compression stroke. At the high engine speed, the reduced scavenging duration limits the delivery ratio, as well as the CE.
Regarding the effect of scavenge port number (SPN), it can be seen in Fig. 8 that the scavenging performances are improved with more scavenge ports. Specifically, a larger SPN increases DR and CR but shows no impact on TE and SE under low engine speeds. The impact of SPN on the scavenging performance is more pronounced at higher engine speeds as shown by the results of SPN=12 and SPN=6.
However, it is noted in Fig. 9 Fig . 10 compares DR, TE, SE and CE under different intake pressures (P i ). As shown in the figure, DR increases more significantly than CE with Pi increasing from 1.2 to 2 bar, leading to higher SE but lower TE with P i . As expected, the reduced SPN has negative impact on all four scavenge parameters for all P i . Regarding the in-cylinder flow motion, the higher intake pressure leads to stronger swirl motion and SR gradually decreases with SPN.
In order to examine the effect of SPN on the scavenging performance under different operating engine speeds and intake pressures, the percentage change (∆) of four scavenge parameters is calculated using the results of SPN=12 and 6. For example, the percentage change of DR under a given operating condition is calculated as following:
The maximum percentage changes of DR, TE, SE and CE under different operating conditions are 9.6%, 5.8%, 8.0% and 12%. Therefore, the reduction of SPN shows more impact on CE and has the least effect on TE.
The reduction of SPN would dramatically enhance the swirl motion but have little impact on the tumble motion. But it should be noted the swirl ratio is high enough to enhance the fuel/air mixing even under high engine speed and low intake pressure, as shown in Fig. 9 and 11.
Considering both the overall effect of SPN on scavenging performance discussed above and the future application to multicylinder engine, 8 unevenly distributed scavenge ports are used to investigate the effect of remaining key design parameters on scavenging performance. 
Effect of AIA and SOA
Effects of the Axis Inclination Angle (AIA) and Swirl Orientation Angle (SOA) are presented in this section. In addition to the cold flow simulations, the simulations with fired in-cylinder condition were also performed to explore the effect of AIA and SOA on the scavenging process with a more realistic in-cylinder condition. The engine speed and intake pressure are fixed at 2000 rpm and 2 bar, respectively. Fig. 12 shows the impact of AIA on scavenge parameters with SOA of 31.5⁰ and cold in-cylinder condition. As shown in the figure, AIA shows weak impact on scavenge parameters. CE and SE are improved slightly with a bigger AIA because of the increased effective flow area. The swirl flow motion is also increased with AIA and peaks at 75º because of the increased tangential velocity component, as shown in Fig. 13 . Any further increase in AIA to 90⁰ would deteriorate the swirl flow because of the enhanced interaction of the intake flow jects with the rising piston.
Compared to the cold flow results, the scavenging process is more restricted under the fired condition because of increased in-cylinder pressure and temperature. As shown in Fig. 14 , the DR and CE for each AIA are significantly lower than the cold flow values. Although the changing trend in DR and CE with AIA is similar under both cold and fired conditions, their differences are more obvious under the fired condition. DR gradually increases from 1.66 at AIA= 45⁰ to 1.96 at AIA=90⁰, and CE increases from 1.03 to 1.19. However, AIA shows only slight impact on SE which increases from 0.92 at AIA=45⁰ to 0.95 at AIA=90⁰. TE slightly decreases from 0.62 to 0.61.
Regarding the in-cylinder flow motion with hot burned gases, a moderate AIA can produce a higher SR as shown in Fig 15, However, the further decrease of SOA leads to lower CE, indicating increased short-circuiting of the fresh gas. Figure 18 shows that both SE and CE are slightly affected by SOA and peak at SOA= 20⁰ under fired condition. The SR shows strong correlations with SOA under both cold and fired conditions, as shown in Fig. 17 and 20 . SOA shows little impact on the tumble flow motion.
In general, the effects of AIA and SOA on the scavenging process are similar for cold and fired conditions. But the impact is more pronounced under the fired condition. The DR and CE become lower but the TE is increased in the presence of hot burned gases. SE is similar under both conditions.
As indicated by the above results, a larger AIA shows higher DR, SE and CE, while a moderate SOA can produce higher values of DR, SE and CE. Meanwhile, the swirl motion is stronger enough to enhance the in-cylinder mixing of air and directly injected fuel in all cases. In order to maximize the scavenging performance, the combination of AIA=90⁰ and SOA=20⁰ was then evaluated under different operating conditions and compared to the baseline design (AIA=60⁰, SOA=31.5⁰). The results are included in Appendix. Compared to the baseline design, the scavenge port design with AIA=90⁰ and SOA=20⁰ shows higher CE. SE is also improved at higher engine speeds. The dominant swirl flow motion generated with this new design is still rather high under different engine speeds and intake pressures. Therefore, the optimal design with AIA=90⁰ and SOA=20⁰ was used in the following study. 
Effect of scavenge port opening (SPO) timing
The location of scavenge intake ports would directly control the scavenge port opening (SPO) timing. The EVO is also adjusted to evaluate the optimal matching between intake and exhaust process to achieve the best scavenging performance. Three SPOs and EVOs were tested in this study. The schematic diagram of the normalized scavenging area and exhaust valve profiles are shown in Fig 21. The exhaust duration (ED) is fixed as 126 ⁰CA. The engine speed and intake pressure are fixed at 2000 rpm and 2 bar, respectively. For brevity, only the simulation results with fired condition are presented. The SPO and EVO have significant impact on DR, TE, SE and CE, as shown in Fig. 22 . The earlier EVO leads to higher DR, SE and CE, which is less significant with early SPO (116 ⁰CA) but more significant with late SPO (128 ⁰CA). Therefore, a later SPO with an earlier EVO produce higher DR, SE and CE. The reason can be attributed to the increased blow-down duration which is defined as the duration between EVO and SPO. The longer blow-down duration leads to more residual gas blowing out of the cylinder, which avoids over-mixing between fresh air and residual gas and facilitates the scavenging process. However, the scavenging performance with a later SPO is deteriorated dramatically as the EVO is delayed, leading to lower DR, SE and CE. On the contrary, an early SPO (i.e. 116 ⁰CA) can lead to slightly higher DR, SE and CE than a later SPO when a late EVO is adopted. The reason can be attributed to the increased scavenging duration which is defined as the duration when both scavenge ports and exhaust valves are opened simultaneously. Therefore, the scavenging performance is less affected by the changing of EVO when an early SPO is adopted, but shows much higher sensitivity to EVO when a later SPO is adopted, as seen in Fig.  22 .
As shown in Fig. 23 , an earlier EVO leads to a higher SR with a fixed SPO timing because of a more complete blow-down process. When the SPO is delayed to as late as 128 ⁰CA, the shortened scavenging duration leads to only slight differences of SR among EVOs. For a fixed EVO, the delaying of SPO timing leads to lower SR because of the shortened scavenging duration. However, it is found the SR is slightly lower for SPO=116 ⁰CA compared to 122 ⁰CA when the EVO is fixed at 107 ⁰CA. The reason can be attributed to more dramatically deteriorated flow motion after BDC with SPO=116 ⁰CA because some fresh charge would be pushed back into scavenge ports again by the piston. This also explains the gradually reduced CE from SPO of 128 to 116 ⁰CA when EVO of 107 ⁰CA is adopted, as shown in Fig. 22 . However, it should be noted the swirl motions with different combinations of SPO and EVO are still strong enough to enhance the mixing between fresh air and direct injected fuel although SPO and EVO show obvious impact on SR. Another key issue relating to the SPO and EVO is the effective compression ratios (ECR) and effective expansion ratios (EER). The compression ratio would directly control the in-cylinder thermal conditions at TDC and the combustion performance, especially for the advanced combustion concept, e.g. controlled auto-ignition combustion (CAI). The expansion ratio directly affects the power stroke and thermal efficiency. A larger expansion ratio is expected to achieve a longer power stroke and higher thermal efficiency. In this study, the effective compression ratio and expansion ratio were calculated respectively to consider the intake and exhaust valve events. Fig. 24 compares the values of ECR and EER with different SPOs and EVOs. When the EVO is fixed at 117 ⁰CA, the exhaust valve profile is asymmetric to BDC, leading to same ECR and EER around 11. Apart from this, the ECR and EER are determined by EVC/SPC and EVO/SPO and show a trade-off between each other. The lower limit of ECR and EER is around 10.22, which is determined by the EVC and EVO respectively. However, compared to the SPO of 116 ⁰CA, a later SPO of 128 ⁰CA can extend the higher limit of ECR or EEC to 11.98. 
Effect of scavenge port height (SPH)
In this section, the scavenge port height (SPH) was increased from original 14 mm to 18 mm to evaluate the effect of SPH on the scavenging performance. The SPO and EVO were also adjusted to evaluate its optimal matching to achieve the best scavenging performance. Fig. 25 shows the effect of SPO and EVO on DR, TE, SE and CE with SPH of 18 mm. It should be noted that a later SPO of 128 ⁰CA was not investigated because the lower part of scavenge ports with SPH of 18 mm will extend beyond the BDC location and cannot be fully opened. Compared to the SPH of 14 mm (Fig. 22 ), higher scavenge ports show only slight improvement on DR and CE when earlier EVOs (i.e. 107 and 117 ⁰CA) are adopted. When the EVO is delayed to 127 ⁰CA, the increase in SPH even leads to slight decrease of CE because the enlarged scavenging area enhances the flow of in-cylinder fresh charge into exhaust ports and scavenge ports at the end of scavenging process. In general, the SE is similar although it is improved slightly when SPO is fixed at 122 ⁰CA. It is noted the swirl motion is deteriorated with the increased SPH by comparing Fig. 23 and 26 because of the enlarged scavenging area. 
Conclusions
In this study, 3D CFD simulations were adopted to evaluate different scavenge port designs for a boosted uniflow scavenged direct injection gasoline (BUSDIG) engine. Several important design parameters, e.g. scavenge port number (SPN), axis inclination angle (AIA), swirl orientation angle (SOA), scavenge port opening (SPO) timing, scavenge port height (SPH), were investigated in detail under different engine speeds and intake pressures (P i ). The exhaust valve opening (EVO) timing was adjusted to match with scavenge port opening timing to obtain maximum scavenging performance. In order to obtain more realistic scavenging process, both cold and fired incylinder conditions were used to perform the CFD simulations. The study of grid sensitivity and cycle convergence was carried out to ensure the accuracy of the simulations. The findings are summarized as follows:
1. The increase in the absolute scavenging duration at low engine speeds leads to significantly higher DR and SE. As the engine speed increases, the DR and SE gradually reduce. The CE is similar under different engine speeds but shows a slightly higher value at the engine speed of 2000 rpm.
2. As the scavenge port number (SPN) is increased from 6 to 12, the overall scavenging performance is increased. The maximum percentage changes of DR, TE, SE and CE under different engine speed and intake pressures are 9.6%, 5.8%, 8.0% and 12%. But the increased SPN causes significant reduction in the swirl motion but has little impact on the tumble motion.
3. The CE and SE are improved with a bigger AIA because of the increased effective flow area. The swirl flow motion peaks at AIA around 75º because of the increased tangential velocity component and less interaction of the intake flow jets with piston.
4. The CE increases with the SOA decreasing from 45⁰ to 20⁰ because of the increased DR. The further decrease in the SOA leads to lower CE because of the increased short-circuiting of the fresh gas. As a result, the SE also peaks at SOA= 20⁰. The SR shows strong correlations with SOA under both cold and fired conditions. 5. Compared to the baseline design, the scavenge port design with AIA=90⁰ and SOA=20⁰ shows higher CE and SE under both cold and fired conditions. 6. The early EVO leads to higher DR, SE and CE, which is less significant with early SPO (116 ⁰CA) but more significant with late SPO (128 ⁰CA). The SR shows a decreasing trend with the delayed EVO and SPO.
7. The same effective compression ratio (ECR) and expansion ratio (EER) can be obtained around 11 when the EVO is fixed at 117 ⁰CA ATDC. The lower limit of ECR and EER is around 10.22, which is determined by the EVC and EVO respectively. A later SPO of 128 ⁰CA can extend the higher limit of ECR or EEC to 11.98 compared to the SPO of 116 ⁰CA. Figure A1 . Comparison of DR, TE, SE and CE with different scavenge port designs and engine speeds (Pi=2 bar, cold condition). 
